Regularization and supersymmetry-restoring counterterms in
  supersymmetric QCD by Hollik, W. & Stöckinger, D.
ar
X
iv
:h
ep
-p
h/
01
03
00
9v
3 
 2
1 
M
ar
 2
00
1
KA–TP–08–2001
hep-ph/0103009
Regularization and supersymmetry-restoring counterterms in
supersymmetric QCD
W. Hollik and D. Sto¨ckinger
Institut fu¨r Theoretische Physik, Universita¨t Karlsruhe, D–76128 Karlsruhe, Germany
e-mail: hollik@particle.physik.uni-karlsruhe.de, ds@particle.physik.uni-karlsruhe.de
October 25, 2018
Abstract. We calculate symmetry-restoring counterterms in supersymmetric QCD at the one-loop level.
First we determine loop corrections to the supersymmetry and gauge transformations and find counter-
terms in such a way that the symmetry algebra holds at the one-loop level. Then these results are used to
derive the symmetry-restoring counterterms to all trilinear interactions. In order to obtain unique results
it is crucial to use the Slavnov-Taylor identity, which does not only contain supersymmetric and gauge
Ward identities but also describes the symmetry algebra. In dimensional regularization this procedure
yields unique non-zero values for the counterterms. In contrast, in dimensional reduction we find that no
non-symmetric counterterms are needed, neither for the symmetry transformations nor for the physical
interactions. For the considered cases this result constitutes a definite test of the supersymmetry and
gauge invariance of the scheme.
1 Introduction
It has been a longstanding problem that dimensional
regularization (DReg) breaks supersymmetry. In general,
this breaking necessitates the calculation of compensating,
supersymmetry-restoring counterterms. An efficient solu-
tion would be provided by a manifestly supersymmetric
and gauge invariant regularization, but no such regulariza-
tion is known. A practically useful scheme is dimensional
reduction (DRed), which is however mathematically in-
consistent and thus cannot work at all orders [1,2]. Still it
has been shown that several supersymmetric Ward iden-
tities are satisfied in DRed [3] and that, as long as the in-
consistencies of DRed do not play a role, DRed is related
to DReg by a coupling constant redefinition and thus leads
to equivalent results [4].
At the same time there were severe difficulties to find
the correct way to renormalize supersymmetric gauge the-
ories in a regularization-independent way. In the Wess-
Zumino gauge, which is the gauge almost exclusively used
in practical calculations, the usual way of treating global
symmetries by Ward identities was shown to fail for su-
persymmetry (for an account see [5]).
By now these difficulties have been solved for exact su-
persymmetry [6,7,8] as well as for the case of softly bro-
ken supersymmetry [9,10]. In particular, a consistent set
of symmetry identities (Ward- and Slavnov-Taylor identi-
ties) has been found that provides an unambiguous defi-
nition of the theories.
There is a major difference between the supersymmet-
ric Slavnov-Taylor identity found in [6] and the Ward iden-
tities considered in [3,5]. For Green functions, the Ward
identities can be written as
δsusy〈T φ1 . . . φn〉 = 〈T∆ φ1 . . . φn〉 , (1)
where δsusy denotes the infinitesimal supersymmetry
transformations of the fields and the composite opera-
tor ∆ is due to the supersymmetry breaking of the gauge
fixing in the Wess-Zumino gauge. The symmetry trans-
formations are generally non-linear composite operators
receiving quantum corrections that have to be renormal-
ized, and the meaning of (1) is the invariance of the the-
ory under these renormalized transformations. But the
invariance expressed by (1) does not necessarily corre-
spond to supersymmetry. It only does if the renormalized
transformations satisfy the supersymmetry algebra, and
only the Slavnov-Taylor identity contains both the invari-
ance of the theory and the algebra. Indeed, the Slavnov-
Taylor identity determines the structure constants of the
symmetry algebra and thus governs the renormalization
of the symmetry operators. As a consequence, only the
Slavnov-Taylor identity yields unique results for the non-
supersymmetric counterterms or provides definite tests of
the supersymmetry of a calculation.
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The purpose of this article is twofold. First we de-
velop the Feynman rules involving all the ghost fields
and external fields that appear in the Slavnov-Taylor
identity. Then we use the Slavnov-Taylor identity to de-
termine supersymmetry-restoring counterterms in dimen-
sional regularization and to check whether a given regu-
larization such as DRed preserves supersymmetry at one-
loop order. We do this in supersymmetric QCD with soft
breaking, a model of particular phenomenological interest
with generally large quantum corrections. The Slavnov-
Taylor identity not only describes supersymmetry but also
gauge invariance. Taking into account all its consequences
for the symmetries and the symmetry algebra, we calcu-
late all symmetry-restoring counterterms to the trilinear
interactions and the required counterterms to the symme-
try transformations.
Section 2 sets the basis for our calculations. Since the
Slavnov-Taylor identity is the key relation, it is briefly
reviewed, with emphasis on the meaning of the involved
ghost fields and of the special cases we need in later course.
In sec. 3 we derive and discuss the counterterms to all
trilinear interactions and the necessary counterterms to
the symmetry transformations; in sec. 4 we present our
conclusions. In App. B the Feynman rules are listed, in
particular the ones involving the ghost fields. We need
them to calculate the loop corrections to the symmetry
transformation operators. The rest of the appendices is
devoted to the explicit form of the Lagrangian, the BRS
transformations, and the one-loop results of the necessary
vertex functions.
2 The Slavnov-Taylor identity of
supersymmetric QCD
In this section we briefly review the Slavnov-Taylor iden-
tity of supersymmetric QCD [6,7,8,9,10], since it is the
mathematical expression for the symmetries of the model.
Its knowledge is necessary for testing whether a regular-
ization preserves the symmetries as well as for the deter-
mination of supersymmetry-restoring counterterms.
2.1 BRS invariance and gauge fixing
The usual gauge fixing term of supersymmetric QCD
Lfix = − 1
2ξ
(∂µG
µ
a)
2 (2)
does not only break gauge invariance but also supersym-
metry because it contains only the gluon Gµa but not the
gluino. As a consequence it is very useful to treat gauge
invariance and supersymmetry simultaneously using com-
bined BRS transformations. Then not only the Faddeev-
Popov ghosts are needed but also supersymmetry ghosts.
Actually, three kinds of ghost fields are introduced:
the Faddeev-Popov ghosts ca(x) that correspond to gauge
transformations and are fermionic scalar fields, supersym-
metry ghosts ǫ (bosonic Majorana spinors), and transla-
tional ghosts ωµ (fermionic vectors). Translations cannot
be treated separately since they arise as anticommutators
of supersymmetry transformations. Among these ghost
fields only the ca(x) are dynamical fields, whereas ǫ and
ωµ are space-time independent constants since the corre-
sponding symmetry transformations are global.
The explicit form of the BRS operator s is listed in the
appendix. As a crucial property of the BRS transforma-
tions, the transformations of the ghosts are determined by
the structure constants of the symmetry algebra. Hence,
knowing these BRS transformations is equivalent to know-
ing all the (anti-)commutators of the symmetry genera-
tors. It is this property that renders the BRS operator
nilpotent, so that s2 = 0 up to equations of motions.
Using the nilpotency of the BRS operator it is possi-
ble to write down a BRS-invariant gauge-fixing and ghost
term: For the usual ξ-gauge one has
Γfix, gh =
∫
d4xLfix, gh ,
Lfix, gh = s[c¯a(fa + ξ
2
Ba)]
= Bafa +
ξ
2
B2a − c¯a∂µ(Dµc)a
− c¯a∂µ(ǫγµg˜a) + 1
2
ξiǫγνǫ(∂ν c¯a)c¯a , (3)
with fa = ∂µG
µ
a and the Faddeev-Popov antighosts c¯a(x).
For diagrammatic calculations it is customary to elimi-
nate the auxiliary fields Ba, yielding the usual gauge fix-
ing term (2). Note that the supersymmetry breaking of
this gauge fixing term necessitates compensating terms
involving the ǫ ghosts.
2.2 Slavnov-Taylor identity
At the tree level, BRS invariance can be expressed in the
following way:
0 =
∫
d4x sϕi
δΓinv
δϕi
, (4)
where Γinv is a BRS invariant action and the sum runs
over all fields of the model. At the quantum level, the
BRS transformations have to be treated as composite op-
erators. The non-linear composite operators receive loop
corrections and have to be renormalized in the same way
as the Green functions. It is most convenient to perform
the renormalization of these composite symmetry opera-
tors together with the renormalization of the Lagrangian.
To do that we couple the non-linear BRS transformations
sϕi to external sources Yi according to the scheme
1
sϕi −→ ±δΓcl
δYi
+O(Yi) , (5)
〈sϕi〉J −→ ± δΓ
δYi
+O(Yi) (6)
1 The minus sign applies for complex conjugate fields. The
reason is the reality of the BRS operator leading to the rule
(sBos)† = s(Bos)†, (sFer)† = −s(Fer)†.
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at the classical and at the quantum level. The result-
ing classical action Γcl is written down in App. A.2. Γ
denotes the renormalized effective action, the generating
functional of one-particle irreducible vertex functions.2
Clearly, the expectation values of products of operators
differ from the products of the individual expectation val-
ues. This reflects the appearance of non-trivial loop cor-
rections to the non-linear composite operators.
Now it is possible to write down the Slavnov-Taylor
identity. It expresses the invariance under the loop-
corrected BRS transformations (which incorporate gauge
and supersymmetry transformations and translations)
and the fact that the loop-corrected transformations still
satisfy the desired symmetry algebra. The Slavnov-Taylor
identity reads:
S(Γ ) = 0 ,
S(Γ ) = S0(Γ ) + Ssoft(Γ ) , (7)
with the part corresponding to unbroken supersymmetry,
S0(Γ ) =
∫ ( δΓ
δYGaµ
δΓ
δGµa
+
δΓ
δg˜a
δΓ
δy˜g˜a
+
∑
k=L,R
( δΓ
δy˜k
δΓ
δq˜k
− δΓ
δy˜†k
δΓ
δq˜†k
)
+
δΓ
δq
δΓ
δy¯
− δΓ
δy
δΓ
δq¯
+
δΓ
δYca
δΓ
δca
+ sc¯a
δΓ
δc¯a
+ sBa
δΓ
δBa
)
+ sωµ
δΓ
δωµ
, (8)
and the part describing the soft breaking,
Ssoft =
∫ (
sa
δΓ
δa
+ sa†
δΓ
δa†
+ sχ
δΓ
δχ
+ sf
δΓ
δf
+ sf †
δΓ
δf †
)
. (9)
In the Slavnov-Taylor operator all fields of the model ap-
pear: The gluons Gµa and the gluinos g˜a, the quark q and
the squarks q˜L,R as well as the ghost fields, and the cor-
responding sources. Due to the squark mixing, the mass
eigenstates q˜1,2 are in general different from the interac-
tion eigenstates q˜L,R. We write the relation as follows,
q˜k = SkLq˜L + SkRq˜R ,
y˜k = S
∗
kLy˜L + S
∗
kRy˜R (10)
with a unitary matrix S diagonalizing the tree level squark
mass matrix. Ssoft(Γ ) involves the auxiliary chiral super-
multiplet (a, PLχ, fˆ = f+f0) and its hermitian conjugate.
The main property of this auxiliary multiplet is the con-
stant piece f0 that acts like a vacuum expectation value of
fˆ and generates the soft-breaking terms while permitting
a fully supersymmetric formulation of the model.
2 The sources Ji = − δΓδϕi for the fields are to be understood
as the usual sources in the functional integral.
2.3 Important special cases
For our later applications several special cases of the
Slavnov-Taylor identity are particularly important. First
it can be used to describe gauge invariance by taking the
derivative with respect to the Faddeev-Popov ghost ca and
setting all ghost fields and sources to zero (“gh=0”):
0 =
δS(Γ )
δca
⇒ 0 = δΓ
δcaδYi
δΓ
δϕi
+ sc¯b
δΓ
δcaδc¯b
∣∣∣
gh=0
. (11)
The functions δΓ/δcaδYi are the loop-corrected gauge
transformations of ϕi, and the last term in this identity
is due to gauge fixing. Similarly, the Slavnov-Taylor iden-
tity can be used to describe supersymmetry by taking the
derivative with respect to the supersymmetry ghost and
setting all ghost fields and sources to zero:
0 =
δS(Γ )
δǫ
⇒ 0 = δΓ
δǫδYi
δΓ
δϕi
+
δsχ
δǫ
δΓ
δχ
∣∣∣
gh=0
. (12)
Here the first term is the supersymmetry transformation
of ϕi, the last term is due to the soft supersymmetry
breaking. When the auxiliary fields a, χ, f are set to zero,
one has δsχ/δǫ =
√
2(PL − PR)f0 with the constant f0.
Apart from the soft-breaking term, these identities are
similar to the supersymmetric Ward identities (1), rewrit-
ten for one-particle irreducible Green functions.
As already noted, the Slavnov-Taylor identity also de-
scribes the symmetry algebra. This information is very im-
portant in order to guarantee that the loop-corrected sym-
metry transformations still satisfy the (anti-)commutation
relations that define supersymmetry and SU(3)-gauge in-
variance. We can extract information about the algebra by
taking derivatives of the following kind and setting then
all ghost fields and sources to zero:
0 =
δ3S(Γ )
δǫδǫδYj
⇒ 0 = δΓ
δǫδYi
δΓ
δǫδYjδϕi
+
δΓ
δǫδYi
δΓ
δǫδYjδϕi
+
δΓ
δǫδǫδYjδYi
δΓ
δϕi
+
δΓ
δǫδǫδYca
δΓ
δYjδca
+
δ2sωµ
δǫδǫ
δΓ
δYjδωµ
∣∣∣
gh=0
. (13)
The first two terms express the anticommutator of the
supersymmetry transformations of ϕj into ϕi and of ϕi;
the remaining terms express the right-hand side of the
supersymmetry algebra
{Q, Q¯} = equations of motion + gauge transformations
+ 2γµPµ , (14)
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where the coefficient of the translational part is fixed by
δ2sωµ
δǫδǫ
= 2γµ . (15)
Later we will use these identities taking further deriva-
tives and setting all fields to zero.
2.4 Definition of the model
The Slavnov-Taylor identity is not the only symmetry
identity in supersymmetric QCD. For an unambiguous
definition of supersymmetric QCD we need four symmetry
identities. We require them to be satisfied by the renor-
malized effective action Γ (see [10]):
– The Slavnov-Taylor identity S(Γ ) = 0 expressing
gauge invariance, supersymmetry and translational in-
variance.
– The gauge fixing condition δΓ
δBa
= δΓfix
δBa
= fa + ξBa
expressing the non-renormalization of the gauge fixing
terms.
– The translational ghost equation δΓ
δωµ
= δΓext
δωµ
(Γext is
defined in App. A) meaning that the terms involving
ωµ do not receive quantum corrections.
– Global SU(3) invariance and invariance under contin-
uous R transformations with the R-weights defined in
tab. 1 and CP invariance.
ϕ Gµa PLg˜a q˜L, q˜
†
R q a PLχ fˆ ca PLǫ ω
ν c¯a Ba
R 0 1 1 0 0 −1 −2 0 1 0 0 0
Qc 0 0 0 0 0 0 0 +1 +1 +1 −1 0
GP 0 1 0 1 0 1 0 1 0 1 1 0
dim 1 3/2 1 3/2 0 1/2 1 0 −1/2 −1 2 2
Table 1. Quantum numbers. R,Qc, GP, dim denote R-weight
and ghost charge, Grassmann parity and the mass dimension,
respectively. The R-weights of the right-handed parts PRg˜,
PRǫ, PRχ of the Majorana spinors are opposite to the ones of
the left-handed parts. The quantum numbers of the external
fields Yi can be obtained from the requirement that the prod-
ucts Yisϕi are neutral, bosonic and have dim = 4. The commu-
tation rule for two general fields is ϕ1ϕ2 = (−1)GP1GP2ϕ2ϕ1.
3 Determination of symmetry-restoring
counterterms
In general, regularization schemes break the defining sym-
metry identities. Since supersymmetric QCD is anomaly
free it is always possible to restore the symmetries by
adding appropriate counterterms Γnon−sym that break the
symmetries by themselves. In this section we determine
such counterterms at one-loop order.
A key issue in this determination is the uniqueness of
the counterterms. It is not sufficient to calculate a coun-
terterm by considering only one symmetry identity be-
cause all symmetry identities have to be satisfied simulta-
neously. If, however, a counterterm is determined uniquely
by a certain set of symmetry identities, then it is the si-
multaneous solution to all identities.
The strategy in this section is the following:
– Calculate the counterterms to the supersymmetry
transformations of the gluon and the gluino using iden-
tities expressing the supersymmetry and the super-
symmetry algebra.
– Determine the counterterms to the supersymmetry
transformations of the squarks and the quark in the
same way.
– Derive the counterterm to the q˜g˜q interaction using
a supersymmetry identity together with the countert-
erms calculated before.
– Determine the counterterms to all three-particle gauge
interactions and the relevant gauge transformations
using identities expressing gauge invariance and the
SU(3) algebra.
– Cross-check the result for the gauge interactions using
a supersymmetry identity relating the GρGνGµ and
the g˜g˜Gµ interactions.
3.1 Parametrization of the counterterms
Counterterms can be divided into symmetric and non-
symmetric ones,
Γct = Γsym + Γnon−sym . (16)
The symmetric counterterms Γsym do not destroy any
symmetry identity. They can be obtained from the classi-
cal action
Γcl −→ Γcl + Γsym (17)
by infinitesimal renormalization transformations for fields
and parameters [9,10]:
Gµ →
√
ZGG
µ, B →
√
ZG
−1
B,
c¯→
√
ZG
−1
c¯, ξ → ZGξ,
g˜ →√Zg˜g˜, c→√Zcc,
PL,Rq →
√
ZqL,RPL,Rq, q˜L,R →
√
ZL,Rq˜L,R,
Yi →
√
Zi
−1
Yi,
g → g + δg, mi → mi + δmi, (18)
where mi denotes all mass parameters of the theory in-
cluding the soft parameters.3 Owing to this structure the
3 It is also possible to perform a matrix valued renormaliza-
tion transformation of the squarks. This is important if com-
plete on-shell renormalization conditions are desired, but for
our concern the difference is not relevant.
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contributions of Γsym to all self-energies and to the inter-
action vertex q˜q˜Gµ have completely arbitrary coefficients
that can be chosen at will. All other contributions are
functions of this choice. Formally this feature can be ex-
pressed as
Γsym =
∑
i
δsym
(1)
i O(1)i +
∑
i
δsym
(2)
i O(2)i , (19)
where the operators O(1)i correspond to the self-energies
and the q˜q˜Gµ vertex and the coefficients δsym
(2)
i are func-
tions of the δsym
(1)
i .
The second contribution in Γct are the non-symmetric
but symmetry-restoring counterterms Γnon−sym. Since the
contribution of Γsym to the coefficients of the operators
O(1)i is already completely arbitrary, it is possible to as-
sume without loss of generality that Γnon−sym has the form
Γnon−sym =
∑
i
δ
(2)
i O(2)i , (20)
which means that Γnon−sym does not contain contributions
to the self-energies and the q˜q˜Gµ vertex.
This parametrization of the counterterms we will use
in the following calculations. Since it is completely gen-
eral, our results are valid independently of the symmet-
ric counterterms. Hence they hold for all renormalization
schemes such as theMS or the on-shell scheme. But since
this parametrization avoids redundancies it is particularly
well suited for a transparent discussion. By construction,
the symmetric counterterms drop from all symmetry iden-
tities, and therefore the number of unknown counterterms
in the identities is minimized.
There is only one restriction we impose on Γnon−sym.
Since all common regularization schemes preserve global
SU(3)- and CP -invariance, we do not admit counterterms
in Γnon−sym that break these symmetries.
3.2 Gluon and gluino self energies and supersymmetry
transformations
Taking the derivative of the Slavnov-Taylor identity
0 =
δ3S(Γ )
δGbµδǫδg˜a
(21)
and setting all fields to zero we obtain an identity relating
the gluon and gluino self energies,4
0 = Γǫg˜aYGνc
(−q, q)ΓGbµGcν (q,−q)
− Γg˜cg˜a(q,−q)ΓGbµǫy˜g˜c(q,−q)
+
δsχ
δǫ
ΓGbµg˜aχ(q,−q) . (22)
4 In the rest of this section Γ denotes the one-loop effective
action including the contributions of Γnon−sym. The symmetric
counterterms do not appear since they drop from every sym-
metry identity.
In this identity the Green functions corresponding to
the loop-corrected supersymmetry transformations of the
gluon and the gluino are involved, and the identity de-
termines the ratio of these two supersymmetry transfor-
mations. The last term is due to the soft supersymmetry
breaking.
The notation Γϕ1...ϕn means the one-particle irre-
ducible vertex function with external ϕ1 . . . ϕn fields
Γϕ1...ϕn =
δnΓ
δϕ1 . . . δϕn
∣∣∣
ϕi=0
, (23)
and the momentum arguments denote the incoming mo-
menta (note that ǫ is a constant and thus does not carry
a momentum).
In order to obtain the counterterms it is sufficient
to consider the high-momentum limit. Then the soft-
breaking term is negligible, and the results from App. C
yield (the quantities C(A) and T (F ) are defined in App.
E.1, and the one-loop functions B0 are defined in App. D)
0 = (−γµq2 + /qqµ)×([
1 + δYGg˜ǫ +
αsC(A)
4π
(
−B0 − 1
3
θDReg +B0
)
+
αsT (F )
4π
2B0
]
−
[
1 + δGǫy˜g˜ +
αsC(A)
4π
(
B0 − 1θDReg −B0
)
+
αsT (F )
4π
2B0
])
= (−γµq2 + /qqµ)×(
δYGg˜ǫ − δGǫy˜g˜ +
αsC(A)
4π
2
3
θDReg
)
. (24)
Thus, in dimensional regularization (θDReg = 1) this iden-
tity is not satisfied on the regularized level; one has to
choose non-vanishing values for the counterterms
δYGg˜ǫ − δGǫy˜g˜ = −
2
3
αsC(A)
4π
θDReg (25)
to the supersymmetry transformations of the gluon and
the gluino.
In order to determine the individual counterterms we
derive an identity corresponding to the supersymmetry
algebra:
0 =
δ4S(Γ )
δGνb δǫδǫδYG
µ
a
⇒ 0 = ΓǫǫYGµaYGρcΓGνbGcρ
+ ΓYGµa g˜cǫΓGνb ǫy˜g˜c
− ΓGν
b
y˜g˜cǫΓYGµaǫg˜c
+ ΓGν
b
ǫǫYccΓYGµacc
+
δ2sωρ
δǫδǫ
ΓGν
b
YG
µ
aωρ + 2
δsχ
δǫ
ΓGν
b
ǫYG
µ
aχ , (26)
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which yields in the high-momentum limit
0 = −2(qµγν − /qgµν)δab
(
1 + δGǫy˜g˜ + δYGg˜ǫ
)
+ 2(qµγν)δab
(
1 + δcYG + δGǫǫYc
)
− 2/qgµνδab . (27)
The physical meaning of this identity is the constraint of
the supersymmetry algebra on the product of the trans-
formations of the gluon into the gluino and backwards —
correspondingly it determines the sum of the two countert-
erms. In contrast, the previous identity (22) determines
the ratio of the two supersymmetry transformations and
therefore the difference of the counterterms.
Hence, taken together both identities lead to a unique
value for the counterterms
δYGg˜ǫ = −δGǫy˜g˜ = −
αsC(A)
4π
1
3
θDReg , (28)
δGǫǫYc = −δcYG . (29)
The counterterms δGǫǫYc and δcYG we will not need in the
following.
This result is a simple illustration of the discussion
at the beginning of this section. Apparently there are in-
finitely many different counterterms that solve (25) or
equivalently (22), i.e. restore the gluon-gluino identity.
Only one particular choice, however, also solves the second
identity (26). Therefore it is essential to take into account
the identities that correspond to the supersymmetry alge-
bra.
3.3 Quark and squark self energies and supersymmetry
transformations
Using the following derivative of the Slavnov-Taylor iden-
tity we obtain an identity relating the quark and squark
self energies:5
0 =
δ3S(Γ )
δqδq˜†i δǫ
⇒ 0 =
∑
j=1,2
Γqǫy˜jΓq˜†i q˜j
− Γ
q˜
†
i yǫ
Γqq¯
+
δsχ
δǫ
Γ
qq˜
†
i χ
. (30)
In the high-momentum limit this reduces to (the quantity
C(F ) is defined in App. E.1)
0 =
√
2q2(SiLPL − SiRPR)
(
1 + δy˜ǫq +
αsC(F )
4π
B0
)
−
√
2q2(SiLPL − SiRPR)×(
1 + δyq˜ǫ +
αsC(F )
4π
(2B0 − 1θDReg − (B0))
)
,(31)
5 We suppress the colour indices since the following identities
are trivial in colour space.
which is satisfied provided the counterterms fulfil
δy˜ǫq − δyq˜ǫ = −αsC(F )
4π
θDReg . (32)
Again, these are counterterms to the supersymmetry
transformations, and the considered identity only fixes
their difference.
As in the gluon/gluino case we need an additional iden-
tity corresponding to the supersymmetry algebra to find
unique values for these counterterms, given by
0 =
δ4S(Γ )
δq˜jδǫδǫδy˜i
⇒ 0 = −Γ
ǫǫy˜iy˜
†
k
Γ
q˜j q˜
†
k
+ Γy˜iqǫΓq˜jǫy¯ − Γq˜jyCǫΓy˜iǫq¯C +
δ2sωρ
δǫδǫ
Γq˜j y˜iωρ
+
δsχ
δǫ
Γq˜jǫy˜iχ +
δsχ
δǫ
Γq˜jǫy˜iχ . (33)
In the high-momentum limit only the second, third and
fourth term contribute, with the result6
0 = 2/qδij
(
1 + δy˜ǫq + δyq˜ǫ
)
− 2/qδij . (34)
The unique solution for the counterterms is thus
δy˜ǫq = −δyq˜ǫ = −αsC(F )
4π
1
2
θDReg . (35)
3.4 Gluino-Quark-Squark vertex
One very important consequence of supersymmetry is the
relation between the interactions of quarks and squarks
with gluons and gluinos. This relation can be expressed
by the following identity:
0 =
δ4S(Γ )
δq˜Lδq˜
†
Lδg˜aRδǫ
⇒ 0 = Γg˜aRǫYGµc (k,−k)Γq˜Lq˜†LGcµ(p,−p
′, k)
− Γ
q˜Lq˜
†
L y˜g˜cǫ
(p,−p′, k)Γg˜aRg˜c(k,−k)
+
∑
j=1,2
(
Γg˜aRǫq˜Ly˜j (k, p,−p′)Γq˜†
L
q˜j
(−p′, p′)
− Γ
g˜aRǫq˜
†
L y˜
†
j
(k,−p′, p)Γ
q˜Lq˜
†
j
(p,−p)
)
− Γ
q˜
†
Lyǫ
(−p′, p′)Γq˜L g˜aRq¯(p, k,−p′)
+ Γ
q˜
†
Lg˜aRq
(−p′, k, p)Γq˜Lǫy¯(p,−p)
+
δsχ
δǫ
Γ
q˜Lq˜
†
L g˜aRχ
(p,−p′, k, 0) . (36)
In this identity we choose definite interaction eigenstates
for the squarks as external legs and consider only the right-
handed part of the gluino g˜R = PRg˜. This simplifies the
6 The values for the vertex functions involving yC , q¯C can
easily be inferred from the corresponding ones involving y¯, q
using the flipping rules of [14].
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computation, but due to (only softly broken) C- and P -
invariance it is sufficient to obtain the supersymmetry-
restoring counterterms to all q˜g˜q-interactions.
The identity (36) has to hold for arbitrary external
momenta. Since the counterterms to the interactions are
momentum-independent, it is very convenient to consider
the limit mi ≪ |kµ| ≪ |pµ| = |(p′− k)µ|, where mi denote
the masses in the theory. In this limit all masses can be
neglected, and k can be neglected compared to p except
in the terms that would lead to infrared divergences for
k = 0. The only remaining terms are
0 = Γg˜aRǫYGµc (k,−k)Γq˜Lq˜†LGcµ(p,−p
′, k)
+
∑
j=1,2
(
Γg˜aRǫq˜Ly˜j (k, p,−p′)Γq˜†L q˜j (−p
′, p′)
− Γ
g˜aRǫq˜
†
L
y˜
†
j
(k,−p′, p)Γ
q˜Lq˜
†
j
(p,−p)
)
− Γ
q˜
†
L
yǫ
(−p′, p′)Γq˜Lg˜aR q¯(p, k,−p′) . (37)
The physical meaning of the first and the last term is ob-
vious. They relate the q˜q˜Gµ and q˜qg˜ interactions, multi-
plied with the corresponding supersymmetry transforma-
tions of the gluon and quark, respectively. The other terms
are particularly interesting: They involve supersymmetry
transformations of squarks into products of the form ǫg˜q˜
— such transformations are not present at the tree level
but can be generated at one-loop order. The corresponding
Feynman graphs are all finite and thus involve no regular-
ization ambiguity. In the limit defined above the results
are
0 = −2/pgPRT a
(
1 + δYGg˜ǫ
+
αs
4π
C(A)
[
B0(k
2) +B0 +
3
2
p2C1
])
+ /pgPRT
ap2
αs
4π
(C(A)
2
[
2C0 + C1
]
+
C(A)
2
[
2C0 − C1
]
+ C(F )
[
2C1
])
+ 2/pgPRT
a
(
1 + δyq˜ǫ + δq˜g˜q
+
αs
4π
[
C(F )
( −B0 +B0 − p2C1)
+
C(A)
2
(
4B0 + 7p
2C1 − 2θDReg
)])
.(38)
The arguments of the one-loop functions are as in eq. (67),
except where indicated differently. Most of the terms can-
cel, leaving only
0 = 2/pgPRT
a
(
−δYGg˜ǫ +
αs
4π
C(A)
[
p2C0 −B0(k2)
+ 2p2C1 +B0 − 1θDReg
]
+ δyq˜ǫ + δq˜g˜q
)
.(39)
For the terms C0 and B0(k
2), which are infrared divergent
for |k
p
| → 0, one can easily verify the identity
lim
k→0
(
p2C0(p
2, (p+ k)2, k2, 0, 0, 0)−B0(k2, 0, 0)
)
=
− 2p2C1 −B0 . (40)
Thus, all B0, Ci functions cancel perfectly, leaving an iden-
tity for the counterterms,
0 = δq˜g˜q − δYGg˜ǫ −
αs
4π
C(A)θDReg + δyq˜ǫ , (41)
that has a unique solution for the counterterm to the q˜g˜q
interaction
δq˜g˜q =
αs
4π
(
2
3
C(A) − 1
2
C(F )
)
θDReg , (42)
or written in terms of a counterterm Lagrangian
Lnon−sym, q˜g˜q = −δq˜g˜q
√
2 g×(
q˜†Lg˜PLq + q¯PRg˜q˜L − q˜†Rg˜PRq − q¯PLg˜q˜R
)
. (43)
Here the result obtained for the q¯PRg˜q˜L-interaction has
been extended to the other q˜g˜q-interactions. The respec-
tive calculations can be done in the same way and yield the
same result due to hermiticity and (softly broken) C- and
P -invariance. As can be easily checked, R-invariance is not
violated by the regularization, and therefore R-violating
counterterms like q¯PRg˜q˜R are not necessary.
Hence, in dimensional regularization (θDReg = 1) an
additional counterterm is necessary to compensate the
supersymmetry breaking of the regularization. In dimen-
sional reduction, however, this counterterm is not neces-
sary. Both results have already been anticipated in [11], so
eq. (42) provides a confirmation on the basis of a rigorous
definition of the model using the Slavnov-Taylor identity.
We want to stress that the result for the counterterm
δq˜g˜q is unique. The uniqueness guarantees that δq˜g˜q is not
only the solution of (36) but of all symmetry identities.
To arrive at this result the unambiguous calculation of
the counterterms to the supersymmetry transformations
in the preceding subsections has been necessary. In par-
ticular, in dimensional reduction only the combination of
all these calculations implies that supersymmetry is pre-
served in this sector.
3.5 Gauge interactions
In the previous subsection we have determined the coun-
terterm to the q˜g˜q interaction. All other trilinear in-
teractions of supersymmetric QCD are gauge interac-
tions: q˜q˜Gµ, qqGµ, g˜g˜Gµ, and GρGνGµ. We have ex-
plicitely checked that all symmetry identities that deter-
mine these interactions hold automatically in both regu-
larization schemes, although γ5-interactions are involved.
Since these identities are not due to supersymmetry, and
since the gauge invariance of both schemes is generally
known, we are brief in this subsection and restrict our-
selves to a sketch of the calculations.
The identities that determine the counterterms to the
gauge interactions can be obtained from the following
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derivatives of the Slavnov-Taylor identity:
δ3S(Γ )
δq˜†δq˜δca
,
δ4S(Γ )
δq˜δcaδcbδy˜
,
δ3S(Γ )
δqδq¯δca
,
δ4S(Γ )
δqδcaδcbδy¯
,
δ3S(Γ )
δg˜cδg˜dδca
,
δ4S(Γ )
δg˜cδcaδcbδy˜g˜d
,
δ3S(Γ )
δGνc δG
µ
dδca
,
δ4S(Γ )
δcaδcbδYG
µ
d
. (44)
The first set of these identities expresses the gauge invari-
ance, whereas the second set corresponds to the symmetry
algebra. Owing to our parametrization (see sec. 3.1) there
is no symmetry-violating counterterm to the q˜q˜Gµ inter-
action. Rather, this interaction defines the gauge coupling
and determines the other counterterms.7 Evaluating these
identities explicitely at one-loop order we find that they
are satisfied at the regularized level, which has the follow-
ing consequence for the counterterms:8
δcYG = δq˜cy˜, δq˜cy˜ = δccYc ,
δcYG + δqqG = δqcy, δqcy = δccYc ,
δcYG + δg˜g˜G = δg˜cy˜g˜ , δg˜cy˜g˜ = δccYc ,
δcYG + δGGG = δcYGG, δcYGG = δccYc . (45)
These identities have the unique solution
δqqG = δg˜g˜G = δGGG = 0 ,
δq˜cy˜ = δqcy = δg˜cy˜g˜ = δcYGG = δcYG , (46)
where the only freedom is the value of δcYG , which is re-
lated to the residue of the ghost propagator and can be
fixed by specifying a renormalization condition for the
latter. The important result, however, is that the non-
symmetric counterterms to all gauge interactions turn out
to be zero. To obtain this result, it has been essential to
verify in particular the second set of identities in eq. (44),
corresponding to the SU(3)-algebra.
3.6 Gluon-Gluino-Gluino vertex
In the previous subsection the result
δg˜g˜G = δGGG = 0 (47)
7 There is nothing special about this interaction; we could
have chosen any other gauge interaction instead to define the
gauge coupling.
8 In particular we find the — already non-trivial — result
that the Lorentz- and SU(3)-structure of the counterterms
must be identical to the one of the tree-level interactions. For
instance, in general there could be two linearly independent
counterterms to the GGG interaction
Lnon−sym GGG = δGGG 1
2
fabcG
µ
aG
ν
b∂µGcν
+ δGGG2Tr(G
µGµ∂
νGν) ,
but only δGGG can contribute.
was derived using gauge invariance. On the other hand,
the g˜g˜Gµ and GρGνGµ interactions are also related by
supersymmetry. Consistency requires that the relation im-
posed by supersymmetry must be automatically satisfied,
which gives an important check. Equivalently, if we use su-
persymmetry to rederive the counterterms we must obtain
a result compatible with (47).
The following identity, which is due to supersymme-
try, connects the triple-gluon vertex and the gluon-gluino-
gluino vertex:
0 =
δ4S(Γ )
δGµaδGνb δg˜cδǫ
⇒ 0 =
[
ΓGν
b
g˜cǫYG
ρ
d
ΓGµaGdρ + ((µ,a)↔(ν,b))
]
+ Γg˜cǫYGρdΓG
µ
aG
ν
b
Gdρ
−
[
ΓGν
b
y˜g˜dǫΓGµa g˜c g˜d + ((µ,a)↔(ν,b))
]
− ΓGµaGνb y˜g˜dǫΓg˜c g˜d
+
δsχ
δǫ
ΓGµaGνb g˜cχ . (48)
The vertex functions involving the ǫ ghost correspond to
supersymmetry transformations.
The identity (48) has to hold for arbitrary external
momenta, but for the purpose of deriving counterterms
it is sufficient to look at the limit mi ≪ |pb| ≪ |pa| and
to consider only the leading terms in pa. In this limit the
soft-breaking term and all the masses do not contribute,
and all contributions get a simple analytical form, and all
non-local terms cancel:
0 = igfabc
((2C(A)
3
αs
4π
θDReg
+ δGGG + δYGg˜ǫ − δy˜g˜ǫGG
)
/pagµν
+
(
− δGg˜g˜ − δGǫy˜g˜ + δy˜g˜ǫGG
)
γµγν/pa
+
(2C(A)
3
αs
4π
θDReg − δGg˜g˜ + δGGG
− δGǫy˜g˜ + δYGg˜ǫ
)
(γνpaµ − 2γµpaν)
)
. (49)
From the longitudinal part of this equation, which is ob-
tained by the contraction with pµa , we get
δy˜g˜ǫGG =
2C(A)
3
αs
4π
θDReg + δGGG + δYGg˜ǫ . (50)
This result fixes the counterterm for the vertex function
ΓGµaGνb y˜g˜dǫ in terms of the other counterterms. Inserting it
in (49) yields
δGg˜g˜ =
2C(A)
3
αs
4π
θDReg + δGGG − δGǫy˜g˜ + δYGg˜ǫ .(51)
This is an expression for the counterterm of the gluon-
gluino-gluino interaction in terms of the counterterm of
the triple-gluon vertex and the counterterms δGǫy˜g˜ and
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δYGg˜ǫ, calculated in subsec. 3.2. The results for δGǫy˜g˜ and
δYGg˜ǫ show that these counterterms cancel the first term
on the r.h.s. of eq. (51), thus yielding
δGg˜g˜ = δGGG , (52)
in agreement with eq. (47).
4 Conclusions
We have calculated symmetry-restoring counterterms in
supersymmetric QCD. We have found that in DRed no
non-symmetric counterterms are necessary at the one-loop
level, neither for the trilinear interactions nor for the sym-
metry transformation operators. While identities like eq.
(25) have been checked in the literature [3], the result
that the loop-corrected symmetry transformations auto-
matically satisfy the right algebra is new. In DReg coun-
terterms for the q˜g˜q-interaction and for most symmetry
transformations are required.
In order to obtain unique results we have had to take
into account loop corrections to the symmetry transfor-
mations and to renormalize them in such a way that the
SU(3)- and the supersymmetry algebra are satisfied. The
fact that the counterterms to these symmetry transforma-
tions can be unambiguously calculated is the main advan-
tage of the Slavnov-Taylor identity compared to simple
supersymmetric Ward identities like eq. (1).
The uniqueness of our results guarantees that the
counterterms derived from only few symmetry identities
remain correct even if we take into account all symme-
try identities simultaneously. Only to the vertex functions
we have not considered additional counterterms may be
required. Therefore our results for DRed, where no coun-
terterm is needed, constitute a definite test of the super-
symmetry of the scheme for the considered cases. And
when the use of dimensional regularization is desirable,
for instance because the standard MS mass-factorization
scheme should be used [12], our results show how to es-
tablish all symmetries.
Let us now give some final remarks on the necessity to
calculate loop corrections and counterterms to the symme-
try transformations. This necessity might seem disturbing.
But using the Feynman rules and the explicit form of the
Slavnov-Taylor identity we have provided, the calculations
turn out to be straightforward. In fact, the one-loop cor-
rections to the symmetry transformations are much sim-
pler than the one-loop corrections to the interaction ver-
tices we have considered.
As mentioned in [8] the appearance of loop corrections
to the symmetry transformations can be traced back to
two reasons. First, the non-linearity of the BRS transfor-
mations can cause a difference between expectation values
〈sϕ〉 and the respective products of the classical fields. In
the loop diagrams the non-linearity is the reason for the
triple- or quartic couplings to the external Y sources. A
second reason is the supersymmetry breaking of the gauge
fixing, which necessitates compensating terms involving
the supersymmetry ghosts. The corresponding Feynman
rules appear in most of the loop diagrams to the super-
symmetry transformations. Owing to these terms, loop
corrections are even possible to supersymmetry transfor-
mations that are linear at the tree level, e.g. the one of
the gluon (see fig. 2).
This sheds a light on the deep connection of gauge
invariance and supersymmetry, which was a major com-
plication in the renormalization for a long time and has
enforced the introduction of the Slavnov-Taylor identity.
Our results help to get a quantitative understanding of
such general properties of the theory.
We thank E. Kraus for helpful comments and T. Fritzsche, T.
Hahn, and C. Schappacher for useful discussions and valuable
advice in the use of the Mathematica packages FeynArts and
FormCalc.
A Lagrangian and BRS transformations
In this section we give the explicit form of the BRS transfor-
mations and the Lagrangian of supersymmetric QCD as a spe-
cialized version of the general Yang-Mills theories discussed in
[10]. In contrast to there, we use 4-spinors throughout in order
to obtain Feynman rules that can be used in a straightforward
way.
A.1 BRS Transformations
We combine gauge and supersymmetry transformations and
translations in a single anticommuting BRS operator s. On
the “physical” fields (i.e. the ones carrying no ghost number) s
acts as the sum of gauge and supersymmetry transformations
and translations, where the transformation parameters have
been promoted to ghost fields ca(x), ǫ, ω
µ:
sGµ = ∂µc− ig[c, Gµ] + ǫγµg˜ − iων∂νGµ ,
sg˜ = −ig{c, g˜} − 1
2
σρσǫFρσ +D(PL − PR)ǫ− iων∂ν g˜ ,
sg˜ = −ig{c, g˜}+ 1
2
ǫσρσFρσ + ǫ(PL − PR)D − iων∂ν g˜ ,
sq˜L = −igcq˜L +
√
2ǫPLq − iων∂ν q˜L ,
sq˜†L = +igq˜
†
Lc+
√
2q¯PRǫ− iων∂ν q˜†L ,
sq˜R = −igcq˜R −
√
2ǫPRq − iων∂ν q˜R ,
sq˜†R = +igq˜
†
Rc−
√
2q¯PLǫ− iων∂ν q˜†R ,
sq = −igcq +
√
2m(q˜LPR − q˜RPL)ǫ
+
√
2iDµ(q˜LPL − q˜RPR)γµǫ− iων∂νq ,
sq¯ = −igq¯c+
√
2mǫ(−q˜†LPL + q˜†RPR)
+
√
2iǫγµ((Dµq˜L)
†PR − (Dµq˜R)†PL)− iων∂ν q¯ ,
sa =
√
2ǫPLχ− iων∂νa ,
sa† =
√
2χPRǫ − iων∂νa† ,
sχ =
√
2(PLfˆ − PRfˆ†)ǫ
+
√
2i(PL∂µa− PR∂µa†)γµǫ − iων∂νχ ,
sf =
√
2iǫγµ∂µPLχ− iων∂νf ,
sf† = −
√
2i∂µχγ
µPLǫ− iων∂νf† . (53)
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Here we have used the notation Gµ = GµaT
a etc. for all fields
in the adjoint representation of the gauge group. Furthermore,
we have used the gauge covariant derivative
Dµ = ∂µ + igT aGµa , (54)
where T a has to be replaced by −ifabc in the adjoint represen-
tation, the field strength tensor
Fµνa = ∂
µGνa − ∂νGµa − gfabcGµbGνc , (55)
and the abbreviation
Da = −g(q˜†LT aq˜L − q˜†RT aq˜R) . (56)
Generally, the BRS operator has the important nilpotency
property
s2 = 0 + field equations (57)
provided the statistics of the ghost fields is “wrong”, i.e. op-
posite to the one required by the spin-statistics theorem, and
the BRS transformations of the ghosts themselves are given by
the structure constants of the symmetry algebra, as follows:
sc = −igc2 + iǫγµǫGµ − iων∂νc , (58)
sǫ = 0 , (59)
sων = ǫγνǫ . (60)
Finally, for gauge fixing we introduce Faddeev-Popov
antighosts c¯a and auxiliary fields Ba with BRS transforma-
tions
sc¯ = B − iων∂ν c¯ , (61)
sB = iǫγνǫ∂ν c¯− iων∂νB . (62)
A.2 Lagrangian
The Lagrangian of supersymmetric QCD consists of one part
containing the physical fields only, and one part containing the
ghosts and the external fields. The first part is given by
Lphys = Lkin + Lm + Lsoft ,
Lkin = −1
4
(F aµν)
2 +
1
2
g˜aiγ
µDµg˜a
+ q¯iγµDµq + |Dµq˜L|2 + |Dµ q˜R|2 − 1
2
DaDa
−
√
2g
(
q˜†Lg˜PLq + q¯PRg˜q˜L − q˜†Rg˜PRq − q¯PLg˜q˜R
)
,
Lm = −mq¯q −m2
(|q˜L|2 + |q˜R|2) ,
Lsoft = −1
2
m˜g˜ g˜ (PLfˆ + PRfˆ
†) g˜ +O(a, a†, χ)
−
(
q˜†L q˜
†
R
)( |fˆ |2M˜2L mfˆ†M˜LR
mfˆM˜LR |fˆ |2M˜2R
)(
q˜L
q˜R
)
. (63)
In the soft-breaking terms we have not written out the explicit
form of the terms containing the a, χ components of the chiral
supermultiplet we use to generate the soft breaking. The usual
breaking terms are obtained by setting fˆ to the constant f0.
The parts of the Lagrangian containing the ghosts and the
external fields are Lfix, gh as given in eq. (3) and
Lext = YGµasGaµ + y˜g˜sg˜ + Ycsc
+ y˜Lsq˜L + (sq˜
†
L)y˜
†
L + y˜Rsq˜R
+ (sq˜†R)y˜
†
R + y¯sq − (sq¯)y , (64)
Lbil = 1
2
(y˜g˜a(PR − PL)ǫ)(ǫ(PR − PL)y˜g˜a)
− 2(y¯PRǫ)(ǫPLy)− 2(y¯PLǫ)(ǫPRy) . (65)
Then the classical action is the sum of these parts:
Γcl =
∫
d4x (Lkin + Lm + Lsoft + Lfix, gh + Lext + Lbil)
+O(a, a†, χ) . (66)
It satisfies all defining symmetry requirements of sec. 2.4.
B Feynman rules
In this section we give a list of the Feynman rules we need in
our calculations, in particular of the ones involving the external
Y fields and the ǫ ghosts.
– We take all momenta as incoming.
– The ǫ ghosts are space-time independent constants and do
not carry a momentum.
– Many of the following Feynman rules have to be used with
different orderings of the fermions. In the case of fermionic
spinors the flipping rules of [14] have to be applied, and
in the case of fermionic scalars and vectors the orderings
correspond to different global signs of the vertices. For ease
of reference we give the alternative rules explicitely for the
cases we will need later.
For brevity, we write Γ instead of Γcl for the classical action
in this section.
PSfrag replacements
G
G
G
iΓGρaGµbGνc
(pa, pb, pc)
= − gfabc[gρµ(pa − pb)ν
+ gµν(pb − pc)ρ
+ gνρ(pc − pa)µ]
PSfrag replacements
G G
GG
iΓGµaGνbG
ρ
eG
σ
f
= − ig2[fabcfefc(gµρgσν − gµσgνρ)
+ faecffbc(gµσgνρ − gµνgρσ)
+ fafcfbec(gµνgρσ − gµρgσν)
]
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PSfrag replacements
G
g˜
g˜
iΓg˜cGνe g˜d
= − gfedcγν
PSfrag replacements
G
q¯
q
iΓGµaqj q¯i
= − igγµT aij
PSfrag replacements
G(k)
q˜†(−p′)
q˜(p)
iΓ
G
µ
a q˜k,j q˜
†
l,i
(k, p,−p′)
= − ig(p+ p′)µδklT aij
PSfrag replacements
g˜
q¯
q˜
iΓq˜k,j g˜aq¯i
= − i
√
2gT aij ×
(PRS
∗
kL − PLS∗kR)
PSfrag replacements
g˜
q˜†
q
iΓ
qj g˜aq˜
†
k,i
= − i
√
2gT aij ×
(PLSkL − PRSkR)
PSfrag replacements
G q˜†
q˜G
iΓ
G
µ
aG
ν
b
q˜k,j q˜
†
l,i
= ig2gµνδkl{T a, T b}ij
PSfrag replacements
G
c¯(−k)
c
iΓccGµb c¯a
(k1, k2,−k)
= igfbacikµ
PSfrag replacements
g˜(k)
ǫ
c¯(−k)
iΓg˜cǫc¯b(k,−k)
= − /kδbc
PSfrag replacements
g˜(−k)
ǫ
c¯(k)
iΓc¯bǫg˜c (k,−k)
= − /kδbc
PSfrag replacements
c¯
c¯ ǫ
ǫ iΓǫǫc¯bc¯a(−k, k)
= 2iξ/kδab
PSfrag replacements
YG
c
G
iΓYGµacbGνc
= − igfabc
iΓcbGνcYG
µ
a
= igfabcgµν
PSfrag replacements
YG
{g˜, g˜}
{ǫ, ǫ}
iΓYGµa ǫg˜c
= − iγµδac
iΓYGµa g˜cǫ
= − iγµδac
PSfrag replacements
{y˜g˜ , y˜g˜}
{g˜, g˜}
c
iΓy˜g˜cceg˜d
= igfced
iΓg˜dcey˜g˜c
= igfced
PSfrag replacements
G(−q)
{ǫ, ǫ}
{y˜g˜(q), y˜g˜(q)}
iΓGν
b
y˜g˜cǫ(−q, q)
= − σνµqµδbc
iΓGν
b
ǫy˜g˜c
(−q, q)
= − σνµqµδbc
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PSfrag replacements
G
{y˜g˜, y˜g˜}
{ǫ, ǫ}G
iΓGµaGνb ǫy˜g˜c
= iσµνgfcab
iΓGµaGνb y˜g˜cǫ
= iσµνgfcab
PSfrag replacements
{ǫ, ǫ}
q˜†
q˜{y˜g˜, y˜g˜}
iΓ
y˜g˜aǫq˜l,j q˜
†
k,i
= − ig(PR − PL)T aij ×
(SkLS
∗
lL − SkRS∗lR)
iΓ
ǫy˜g˜aq˜l,j q˜
†
k,i
= + ig(PR − PL)T aij ×
(SkLS
∗
lL − SkRS∗lR)
PSfrag replacements
Yc
c
c
iΓcccbYca
= igfabc
PSfrag replacements
ǫ Yc
Gǫ
iΓGµa ǫǫYcb
= i2iγµδab
PSfrag replacements
y˜
q˜
c
iΓq˜k,jcay˜l,i
= gT aijδkl
PSfrag replacements
y˜†
q˜†
c
iΓ
y˜k,j
†caq˜
†
l,i
= − gT aijδkl
PSfrag replacements
y
q¯
c
iΓyjcaq¯i
= − gT aij
PSfrag replacements
y¯
q
c
iΓqjca y¯i
= gT aij
PSfrag replacements
y¯ q˜
Gǫ
iΓGµa q˜k,jǫy¯i
= i
√
2gγµT
a
ij ×
(−S∗kLPL + S∗kRPR)
PSfrag replacements
y q˜†
Gǫ
iΓ
G
µ
ayj q˜
†
k,i
ǫ
= i
√
2gγµT
a
ij ×
(SkLPR − SkRPL)
C One-loop results
In the following we give a list of the one-loop Feynman di-
agrams and results for the vertex functions corresponding to
symmetry transformations, i.e. vertex functions involving ex-
ternal Y sources and ghost fields. We use dimensional regu-
larization with an anticommuting γ5 or dimensional reduction
and use the variable θDReg to distinguish both results. It takes
the value θDReg = 1 in the case of dimensional regulariza-
tion and θDReg = 0 in the case of dimensional reduction.
9 10
We specify the results in the limit of infinite momenta, which
is sufficient for our purposes. There all masses and the sub-
leading momentum dependence can be neglected. In this sub-
section O(pn) denotes a momentum dependence of the form
pn×powers of log p. The vertex functions involving only phys-
ical fields can be calculated using standard methods, so they
are not displayed here.
The one-loop functions appearing are defined in App. D
and have the arguments
B0 = B0(p
2, 0, 0) ,
C0 = C0(p
2, (p+ k)2, k2, 0, 0, 0) ,
C1 = C1(p
2, p2, 0, 0, 0, 0) , (67)
9 Here a word to the consistency of the schemes is in order.
Both dimensional reduction and dimensional regularization in
the way we use it are mathematically inconsistent and cannot
be used at all orders. An inconsistent scheme can yield incor-
rect results if imaginary or non-local contributions turn out
to be wrong, because this violates unitarity or causality. Here,
however, it is easy to see that the difference of our schemes
to a consistent one like the prescription of [13] is a sum of lo-
cal counterterms, and the results obtained using the scheme of
[13] with appropriate counterterms would coincide with ours.
Therefore, our results are correct.
10 The Feynman gauge ξ = 1 is used.
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where p is the momentum argument of the corresponding ver-
tex function. Furthermore, as explained in sec. 3.1 we introduce
non-symmetric counterterms δi to all vertex functions except
for the self energies and the q˜q˜Gµ interaction. These countert-
erms have to be chosen in such a way that the Slavnov-Taylor
identity is satisfied.
C.1 Vertex functions involving YG
µ, y˜g˜, Yc
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
q˜
c¯
c
c
q
G
(k)
(−k)
(p)
(p′)
Fig. 1. The one-loop diagram contributing to the vertex func-
tion ΓYGµc.
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜ g˜
g˜
q˜
c¯
c
q
G
(k)
(−k)
(p)
(p′)
Fig. 2. The one-loop diagram contributing to the vertex func-
tion ΓYGµ g˜ǫ.
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
YG
Yc
y˜
g˜
q˜
c¯
c
c
q
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
YG
Yc
y˜
g˜
q˜
c¯
c
c
q
G
(k)
(−k)
(p)
(p′)
Fig. 4. The one-loop diagrams contributing to the vertex func-
tion ΓYGµYGνǫǫ.
ΓYGµacc (q,−q) = −iqµδac×(
1 + δcYG −
αsC(A)
4π
1
2
B0
)
, (68)
ΓYGµaǫg˜c = −γµδac
(
1 + δYG g˜ǫ +
αsC(A)
4π
B0
)
, (69)
ΓYGµa g˜cǫ = −γµδac
(
1 + δYGg˜ǫ +
αsC(A)
4π
B0
)
, (70)
ΓǫǫYGµaYGνc = O(p
−2) , (71)
ΓGν
b
y˜g˜cǫ(−q, q) = iσνµqµδbc×(
1 + δGǫy˜g˜ −
αsC(A)
4π
B0
)
, (72)
ΓGν
b
ǫy˜g˜c
(−q, q) = iσνµqµδbc×(
1 + δGǫy˜g˜ −
αsC(A)
4π
B0
)
, (73)
ΓGµaGνb y˜g˜dǫ
(−q, 0, q) = −1
2
igfabd×((
4
C(A)αs
4π
q2B′0 + 2 + 2δy˜g˜ǫGG
)
gµν
−
(
3
C(A)αs
4π
q2B′0 + 2 + 2δy˜g˜ǫGG
)
γµγν
− C(A)αs
4π
B′0 (2γν/qqµ + 2qνqµ − 3γµ/qqν)
)
, (74)
ΓGν
b
g˜cYG
ρ
d
ǫ(0,−q, q) =
i
2
C(A)αs
4π
g B′0 fcbd ×
(/qgνρ − γν/qγρ − 3γρqν + γνqρ) , (75)
ΓGν
b
ǫǫYc = 2iγν
(
1 + δGǫǫYc +
αsC(A)
4π
1
2
(B0)
)
. (76)
C.2 Vertex functions involving y˜, y
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜q˜
c¯
c
c
q
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
q˜
c¯
c
c
q
G
(k)
(−k)
(p)
(p′)
Fig. 10. The one-loop diagrams contributing to the vertex
function Γy˜y˜†ǫǫ.
Γ
y˜
†
k,j
ǫq¯i
=
√
2(S∗kLPR − S∗kRPL)δij×(
1 + δy˜ǫq +
αsC(F )
4π
B0
)
, (77)
Γqiǫy˜k,j =
√
2(SkLPL − SkRPR)δij×(
1 + δy˜ǫq +
αsC(F )
4π
B0
)
, (78)
Γq˜k,jǫy¯i(q,−q) =
√
2/q (S∗kLPR − S∗kRPL)δij×(
1 + δyq˜ǫ − αsC(F )
4π
(B0)
)
, (79)
Γ
q˜
†
k,j
yiǫ
(−q, q) =
√
2/q(SkLPR − SkRPL)δij×(
1 + δyq˜ǫ − αsC(F )
4π
(B0)
)
, (80)
Γq˜Lg˜aǫy˜L(p, k,−p− k) = g /p T a
αs
4π
×(C(A)
2
(2C0 + (1− 2PL)C1)
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PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
g˜
q˜
c¯
cq
G
GG
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
g˜
g˜
q˜
c¯
c
q
G
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
g˜
q˜
c¯
c
cq
G
G
(k)
(−k)
(p)
(p′)
Fig. 3. The one-loop diagrams contributing to the vertex function ΓGµ g˜ǫYGν .
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
q˜
c¯
c
c
q
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
g˜
q˜
c¯
c
q
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
q˜
c¯
c
q
G
G
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
q˜
q˜
c¯
c
q
G
(k)
(−k)
(p)
(p′)
Fig. 5. The one-loop diagrams contributing to the vertex function ΓGν y˜g˜ǫ.
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
g˜
g˜
q˜
c¯
c
q G
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
g˜
q˜
c¯
c
cq G
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜ g˜
q˜
c¯
c
c
c
q GG
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
q˜
c¯
c
q
G
G
G
G
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
q˜
c¯
c
q G
G
G
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
q˜
q˜
q˜
c¯
c
q G
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
q˜
q˜
c¯
c
q G
G
(k)
(−k)
(p)
(p′)
Fig. 6. The one-loop diagrams contributing to the vertex function ΓGµGν y˜g˜ǫ.
+ C(F )(2PLC1)
)
+O(k−1) , (81)
Γ
q˜
†
L
g˜aǫy˜
†
L
(−p, k, p− k) = −g /p T a αs
4π
×(C(A)
2
(2C0 + (1− 2PR)C1)
+ C(F )(2PRC1)
)
+O(k−1) , (82)
Γ
y˜jǫǫy˜
†
i
(q,−q) = O(q−2) . (83)
C.3 Identities involving ωµ
Owing to the non-renormalization of the terms involving ωµ
(see sec. 2.4) we have
Γq˜j y˜iωµ(q,−q) = δijqµ , (84)
ΓGρaYGσb ωµ
(q,−q) = gρσδabqµ , (85)
δ2sωµ
δǫδǫ
= 2γµ . (86)
D One-loop functions
We use the following one-loop two- and three-point functions
[15]:
B0 =
∫
1
[k2 −m20][(k + p1)2 −m21]
, (87)
C{0,µ} =
∫ {1, kµ}
[k2−m2
0
][(k+p1)
2−m2
1
][(k+p2)
2−m2
2
]
, (88)
with ∫
→ µ4−D 16π
2
i
∫
dDk
(2π)D
(89)
and the tensor decomposition
Cµ = p1µC1 + p2µC2 , (90)
B0 = B0(p
2
1,m
2
0,m
2
1) , (91)
Cij = Cij(p
2
1, (p2 − p1)2, p22,m20,m21,m22) (92)
in the conventions of [16,17].
E Useful formulas
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PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Ycy˜
g˜
q˜
c¯
c
c
c
q G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Ycy˜
g˜
g˜
q˜
c¯
c
c
q G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Ycy˜
g˜
q˜
c¯
c
c
c
q G
(k)
(−k)
(p)
(p′)
Fig. 7. The one-loop diagrams contributing to the vertex function ΓGνǫǫYc .
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
q˜
c¯
c
q
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜ q˜
q˜
c¯
c
q
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
q˜
c¯
c
q
G
(k)
(−k)
(p)
(p′)
Fig. 8. The one-loop diagrams contributing to the vertex functions Γq˜ǫy¯ and Γǫq¯y˜† .
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
g˜
q˜
q˜
c¯
c
q
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜†
ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
g˜
q˜
q˜
c¯
c
q G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜† ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
g˜
q˜
c¯
c
q
G
(k)
(−k)
(p)
(p′)
PSfrag replacements
y˜† ǫ
ǫ
q˜†
y˜g˜
y¯
q¯
YG
Yc
y˜
g˜
g˜
q˜
c¯
c
q G
(k)
(−k)
(p)
(p′)
Fig. 9. The one-loop diagrams contributing to the vertex functions Γq˜g˜ǫy˜ and Γq˜†g˜ǫy˜† .
E.1 SU(3)
[T a, T b] = ifabcT
c , (93)
fabcfdbc = C(A)δad , C(A) = 3 , (94)
Tr(T aT b) = T (F )δab , T (F ) =
1
2
, (95)
(T aT a)ij = C(F )δij , C(F ) =
4
3
. (96)
E.2 Spinor identities
In Lext and the Slavnov-Taylor operator several useful replace-
ments are possible. The signs are due to the bosonic statistics
of the external spinors y˜g˜, y:
y˜g˜sg˜ = −(sg˜)y˜g˜ , (97)
δΓ
δg˜a
δΓ
δy˜g˜a
= − δΓ
δy˜g˜a
δΓ
δg˜a
, (98)
δΓ
δq
δΓ
δy¯
= − δΓ
δyC
δΓ
δq¯C
, (99)
δΓ
δy
δΓ
δq¯
= − δΓ
δqC
δΓ
δy¯C
. (100)
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